Abstract: Although much attention has been devoted to understanding the adaptive value of size hierarchies within broods of altricial birds, current hypotheses are the subject of much debate. Recently it has been suggested that parasites could play a role in promoting the establishment and maintenance of a nestling size hierarchy within broods. For example, the "tasty chick hypothesis" stipulates that the last-hatched chick in asynchronously hatching clutches would have the least efficient immune system, resulting in subsequent parasite aggregation on this chick and hence reducing parasitic pressure on the other chicks of the brood. From data collected during four breeding seasons and after experimental removal of the last-hatched chick, we tested three predictions based on variation in chick body characters within broods in a Corsican blue tit (Parus caeruleus ogliastrae) population exposed to high levels of ectoparasites (Protocalliphora spp.). None of the predictions were fully supported and alternative explanations could not be excluded. In particular, there was no evidence for aggregation of parasites on the last-hatched chick or for a beneficial role of this chick with respect to the others, be it "tasty" or not. Thus, our results are not consistent with the hypothesis that mechanisms responsible for size hierarchies within broods have evolved to alleviate the negative effect of parasites on the fitness of their host.
Introduction
In many altricial birds, several factors, such as hatching asynchrony, egg-size differences, or nestling feeding asymmetry, result in nestling size hierarchies within broods (Lack 1966; Parsons 1970; Clark and Wilson 1981) . In the first adaptive hypothesis proposed to explain this phenomenon, size hierarchies within broods were considered a mechanism for adjusting brood size to current food resources (Lack 1947 ). However, no fewer than 18 hypotheses have been proposed to explain the significance of hatching asynchrony, of which 9 consider nestling hierarchy produced by hatching asynchrony to be adaptive (for reviews see Stenning 1996; Stoleson and Beissinger 1995) . The most recent, the "tasty chick hypothesis" (Christe et al. 1998) , suggests parasitism as the main factor promoting the establishment and maintenance of nestling size differences within broods. This hypothesis proposes that in systems in which chick behaviour cannot prevent parasite attack (such as systems with mites), parasites aggregate on the last-hatched chick (LHC) because that chick would have the least efficient immune system. The resulting effect would be a reduction of the parasitic load on the other nestlings, which, as a result of the sacrifice of the tasty chick, should grow better (Christe et al. 1998) . When parasitic pressure is very high, such a strategy could even prevent failure of the entire brood (Christe et al. 1998) . Alternatively the smallest chick could be more vulnerable to parasites for nongenetic reasons, for instance if sibling competition determines the position of chicks in the nest (e.g., Johnson et al. 1991) .
Regardless of the defence mechanism employed against parasites (e.g., behavioural, physiological, genetic) and the type of ectoparasite involved, hypotheses related to the adaptive role of asynchronous hatching in the context of parasitism make at least three predictions: (i) within-brood variation in nestling body size and haematocrit will be greater in infested nests than in uninfested ones because parasite aggregation on the weakest chick is expected to be detrimental to the growth of this chick but advantageous to that of the others; (ii) the LHC, which is expected to endure parasite aggregation, will remain smaller than the other nestlings as long as parasitic pressure is high; (iii) under high parasitic pressure, the fate of the brood will be closely related to the presence or absence of the LHC. Nestlings in infested nests from which the LHC was experimentally removed will be lighter than those in nests from which the LHC was not removed. Conversely, in uninfested nests, the LHC will provide no benefits to its siblings, and the earlier it is removed, the greater the advantage for its siblings because there is one less nestling to be fed.
The aim of this study was to test whether ectoparasites play a role in maintaining differences in nestling body characters in a blue tit (Parus caeruleus ogliastrae) population on the island of Corsica. The Corsican blue tit provides a good model for examining relationships between patterns of asynchronous hatching and ectoparasite intensity, for several reasons. (i) Hatching asynchrony, and hence brood hierarchy, is very common in this population; more than 80% of the broods include a chick born 1 day or more after its siblings (95% in 1999). (ii) During the breeding season this population is systematically and heavily infested by haematophagous larvae of blow flies (Protocalliphora spp.). With a prevalence of over 90% and parasite loads reaching 150 larvae per nest, this population has the highest blow fly infestation rate so far recorded in Europe (Blondel 1985; Hurtrez-Boussès et al. 1999 ). (iii) Previous studies on this population have demonstrated the negative impact of these ectoparasites on the body size and especially on the haematocrit of nestlings (Hurtrez-Boussès 1996; Hurtrez-Boussès et al. 1997a , 1997b , but not on nestling mortality (Hurtrez-Boussès et al. 1997b ). (iv) Previous studies suggest that larvae of Protocalliphora spp. aggregate on nestlings (e.g., Merino and Potti 1995) . Adult blow flies lay their eggs in the nest material after the chicks hatch. The larvae develop over a period of 15 days (three larval stages) by sucking the blood of nestlings, and take the largest quantities of blood when the chicks are ca. 9 days old (Bennett and Whitworth 1991; Johnson et al. 1991; Hurtrez-Boussès et al. 1997a , 1997b . (v) Other ectoparasites, such as ticks, mites, and fleas, are extremely rare and their effects are probably negligible (Hurtrez-Boussès 1996) . (vi) The isolation of this population within the island ) is likely to favour the evolution of local adaptations to environmental constraints, including parasitism.
Methods
The habitat is an old forest of holm oak (Quercus ilex) at 100-300 m elevation (for a detailed description of the study site see Blondel 1985) . In the study plot, 137 nest boxes were evenly distributed at a density of ca. 2/ha; about 60 pairs of blue tits breed annually on this site. They usually start laying around 10 May and have a clutch size of 6.3 ± 1.24 (mean ± SD) eggs, which they incubate for 14 days. The young leave the nest at ca. 21 days of age (Blondel 1985; Blondel et al. 1993) .
Chick development follows a fixed pattern in terms of colour change, plumage development, and mass gain (Perrins 1979; J. Blondel, unpublished data) . The LHC from each nest was identified using both plumage-development patterns and body mass at 2 days post hatching.
Nestlings are infested by two species of blow flies, Protocalliphora falcozi and Protocalliphora azurea (Hurtrez-Boussès 1996) . The larvae of these flies parasitize chicks only (HurtrezBoussès 1996) . They remain in the nest material from which they move up to take a blood meal several times a day, so they are not permanently fixed on their host, which made it impossible to determine the number of parasites per chick. Furthermore, since we failed to find any morphological criteria for distinguishing the two species at larval stages, the species have been pooled in our analyses (cf. Hurtrez-Boussès et al. 1997a , 1997b .
In 1994, 1995, 1996, and 1999 , about one-third of the nests were randomly chosen and treated efficiently to eliminate parasites, using insecticides (1994), a microwave oven (1995, 1996) , or a tissue screen to prevent adult female blow flies laying in the nest (1999) (for details see Hurtrez-Boussès et al. 1997b) . Nests were collected after the chicks fledged in 1994, 1995, and 1996 and when the chicks were 15 days old in 1999. Nests were carefully checked in the laboratory and Protocalliphora spp. larvae and pupae were counted.
In 1994, 1995, and 1996, chicks were weighed at 2, 5, 9, and 15 days of age to the nearest 0.1 g using a Pesola spring balance (see Hurtrez-Boussès et al. 1997b ). In 1999 they were weighed with an electronic balance to the nearest 0.01 g at 2 days of age and with a Pesola spring balance at 5, 9, and 15 days of age. They were ringed when 5 days old. At day 15, their tarsus length was measured and 20 µL of blood was collected from each chick into a microtube and centrifuged (3 min at 13 000 rpm) to determine the haematocrit (cf. HurtrezBoussès et al. 1997a ).
In 1999 we tested the role of the LHC. We removed the LHC from randomly chosen treated (n = 7) and untreated (n = 10) nests when it was 2 days old. In other nests, another nestling was removed at the same age to compare nests using the same experimental procedure (n = 4 treated nests versus n = 11 untreated nests). Finally, in a number of control nests, no chick was removed (n = 6 treated nests versus n = 9 untreated nests). All the removed nestlings were put in "host" great tit (Parus major) or coal tit (Parus ater) nests from which they fledged safely.
The three predictions mentioned above were first tested using the data collected in 1994, 1995, and 1996 , to which we added data from the control nests in 1999. The third prediction (data collected in 1999) was tested using the three different nest types (reduced broods without the LHC, reduced broods with the LHC, and control nests). Nestling condition was estimated through body mass, tarsus length, and haematocrit (cf. Hurtrez-Boussès et al. 1997a) . To test the first prediction we used the coefficient of variation of body mass, tarsus length, and haematocrit for each brood. For the other two predictions we used brood mean values, excluding body size (i.e., body mass and tarsus length) of the LHC. The effects of treatment and presence or absence of the LHC were tested on mean nestling characters using ANOVA (multiway) and multivariant analysis of variance (MANOVA) (see Sokal and Rohlf 1981; Cody and Smith 1991) after arcsine square-root transformation. We controlled for effects of year, brood size, and the interaction between these two factors and treatment and (or) LHC removal. We did not consider chick mortality because previous studies using the same samples had shown that chick mortality did not differ significantly among nest categories, including in 1999 (Hurtrez-Boussès et al. 1997b; J. Blondel, unpublished data) . Analyses were performed using the SAS computer program.
All P values are two-tailed.
Results

Test of prediction 1 (within-brood variation)
The number of blow fly larvae differed significantly between treated and untreated nests, regardless of the year and methodology used (Table 1) .
Parasite treatment had a significant effect on nestling growth patterns (MANOVA with parasite treatment, year, brood size, and their interactions as explanatory variables and body mass, tarsus length, and haematocrit at 15 days of age as dependent variables: F [4,10] = 5.80, P = 0.01 for the variable treatment). ANOVAs with Bonferroni corrections gave similar results (data not presented).
However, neither treatment nor its interactions with year and (or) brood size affected the coefficient of variation of chick body mass and tarsus length within broods (Tables 2  and 3 ). For infested nests, the number of ectoparasites had no effect on nestling character variation (multiway ANOVA with parasite load of the nest, year, brood size, and the interactions between these variables as explanatory variables, all P > 0.7 for body mass, tarsus length, and haematocrit at day 15).
Test of prediction 2 (body mass of nestlings)
In both treated and untreated nests, the LHC was significantly smaller than the other chicks until 9 days post hatching (Table 4) . Consistent with this prediction, a significant difference in body size at 15 days post hatching was found between the LHCs and the other chicks in the nest for the untreated nests only (Table 4) . However, haematocrit did not differ between the LHC and the other chicks in either the treated or the untreated nests (Table 4) .
Test of prediction 3 (effect of the presence or absence of the LHC on brood performance)
Experimental removal of a chick revealed no effect of nest type (removal of the LHC, removal of any other chick, control), brood size, or their interaction terms on mean body mass, mean tarsus length, or mean haematocrit at day 15 (Table 5 ). There was no significant difference between body 13.36 ± 6.83 9.12 ± 5.31
Note: There were 46.25 ± 26.96 larvae per untreated nest and 5.34 ± 10.01 larvae per treated nest (mean ± SD). Table 2 . Coefficients of variation (mean ± SD) of various body characters according to the age of nestlings and treatment (1994, 1995, 1996, and 1999 Table 3 . F and P values from the MANOVA, with transformed coefficients of variation of body mass, tarsus length, and haematocrit at day 15 as dependent variables according to treatment (treated, untreated), year (1994, 1995, 1996, 1999) , brood size (2, 3, 4, 5, 6, 7), and interaction terms (results of the Hotelling-Lawley trace).
characters of nestlings from the different nest types, which suggests that the LHC plays no beneficial role in relation to parasitism (Fig. 1) . In reduced nests without the LHC, nestlings even tended to be larger in infested nests than in control nests (e.g., tarsus length and haematocrit; Fig. 1 ).
Discussion
Our results are based on samples that are admittedly rather small, which could be a problem because of the low statistical power of tests to detect differences between treatments. We think, however, that the results are conservative because the trends observed in this study were sometimes opposite to those predicted.
Our results do not support the idea that the larvae of Protocalliphora spp. affect variance in body characters within broods of Corsican blue tits. Contrary to prediction 1, variance in body-size measurements and haematocrit did not differ significantly between infested and treated broods. Within infested broods, there was no significant relationship between the variance in nestling body characters and parasite load. This suggests that larvae of Protocalliphora spp. do not aggregate on a single chick. Although it was not possible to demonstrate aggregation patterns within broods, exploitation of all chicks by parasites is most likely. This may explain why previous studies also showed a positive correlation between brood size and parasite load (Hurtrez-Boussès et al. 1997a , 1997b Table 4 . Body mass, tarsus length, and haematocrit (mean ± SD) according to the age and type of nestlings (last-hatched chick (LHC) versus other chicks) and parasite treatment (1994, 1995, 1996, and 1999 Only prediction 2, that the LHC will remain smaller than the other chicks in infested nests, is supported. However, the haematocrit was not significantly lower in the LHC than in the other chicks, which suggests that the LHC did not sustain a higher level of parasitic attack. Our results could therefore be explained by greater sibling competition in more stressful environments, where the LHC would suffer more than its siblings from the adverse conditions in parasitized nests (for instance, see Hahn 1981; Mock and Ploger 1987) .
Finally, the results of the experiment conducted to assess the influence of the LHC on the body size and haematocrit of its siblings do not support our third prediction. First, no significant difference was observed when nests from which the LHC was experimentally removed at day 2 were compared with nests from which a nestling other than the LHC was removed at the same age. In addition, nestlings from reduced broods without the LHC did better than those from control nests when exposed to parasitic pressure. Thus, it seems that removing the smallest chick in the hierarchy tended to improve feeding conditions for the remaining chicks because there were fewer to feed. This confirms the results of previous experimental manipulations of brood size .
In this study we used an indirect approach (i.e., no measure related to the immune system nor the number of parasites feeding on individual chick) to test the potential role of the LHC in relation to parasitism. However, our results indicate that asynchronous hatching cannot be considered an efficient mechanism for protecting the brood against attacks by Protocalliphora spp. in this Corsican blue tit population.
In conclusion, our study does not support any of the three hypotheses, including the tasty chick hypothesis proposed to explain the role of some ectoparasites in promoting a nestling size hierarchy in altricial birds. Further investigations on other species are necessary before generalizations can be made. As was suggested by Poiani (1993) , Richner and Heeb (1995) , and Christe et al. (1998) , a reduction in clutch size (and hence brood size) could be a strategy to prevent ectoparasitism. Selection for such a strategy would not be unlikely in this population of blue tits, since the prevalence of blow flies is nearly 100% and parasite intensities are always very high. This would explain why the clutch size is so low in this highly parasitized population. Further experiments should be carried out to measure the selective effects of parasites on clutch size.
